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Interacting dark energy models are widely renowned for giving an explanation to the cosmic
coincidence problem as well as several observational issues. According to the recent observational
data, and so far we are concerned with the literature, the choice of the interaction function between
dark matter and dark energy is always questionable since there is no such underlying theory that
could derive it. Thus, in this work we have raised this issue by proposing two new nonlinear
interaction functions and constrain them using cosmic microwave background (CMB) from Planck
2018, baryon acoustic oscillations (BAO), dark energy survey and a measurement of the Hubble
constant H0 from Hubble Space Telescope (HST) 2019. The dark energy equation of state is
considered to be constant throughout the work and the geometry of the universe is assumed to
be homogeneous and isotropic with zero spatial curvature. Our analyses report that a non-zero
interaction is always allowed by the observational data and the dark energy equation of state is bent
towards the phantom regime. In particular, when H0 from HST is added to Planck 2018+BAO, we
find an evidence for a non-zero coupling at more than 2σ confidence level. Our analyses also report
that for both the models, H0 is close to its local measurements and thus alleviating the H0 tension.
In particular, one of the interacting models perfectly solves the H0 tension.
I. INTRODUCTION
Cosmological models where dark matter (DM) and
dark energy (DE), two heavy components of the universe,
interact with each other in a non-gravitational way, are
the most general ones with respect to the minimally cou-
pled fields, since the latter can be seen as a special case of
the interaction models. The dynamics of such interacting
models offers some interesting results that have been ex-
plored greatly in the last couple of years [1–14] and also
recently [15–55] (also see [56, 57], for extensive reviews
on interacting dark fluids). Since the nature of the inter-
action is not known, a very common approach is adopted
similar to what we do with DE and/or modified gravity
models. That means, we specify a phenomenological in-
teraction rate and test the dynamics of the universe using
the cosmological data. One can realize that such a pro-
cedure actually enables us to reconstruct the expansion
history of the universe. The usual choices of the interac-
tion rates are generally assumed to obey some simple and
some complicated power law relations between the energy
density of DM and DE. However, looking at the conser-
vation law of this joint dark sector, ∇ν(TµνDM +TµνDE) = 0,
implying ∇νTµνDM = −Q(t) = ∇νTµνDE, where Q(t) de-
termines the interaction rate (or, the energy flow) be-
tween these dark sectors, one thing is clear that the exact
functional form constraining the flow of energy between
the dark sectors is actually unknown since the nature
of the dark sectors is not really known. We mention
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that the terms TµνDM, T
µν
DE respectively denote the energy-
momentum tensors of DM and DE. The general choices
that have been studied widely in the literature include
Q(t) ∝ ρc, (where ρc is the energy density of the pres-
sureless DM), Q(t) ∝ ρx, (ρx denotes the energy den-
sity of DE), Q(t) ∝ (ρc + ρx), Q(t) ∝ (ρcρx)/(ρc + ρx),
Q ∝ ρ˙x (here dot is the derivative with respect to the cos-
mic time) and some others where mainly we assume some
phenomenologically simple or complicated functions re-
lated to the powers of ρc, ρx [37]. Although we always
stress that the interaction models are mostly phenomeno-
logical, but a recent investigation by [58] argues that var-
ious interaction models have a strong field theoretical ori-
gin. In particular, some well known linear and non-linear
interaction functions of ρc and/or ρx, can be derived fol-
lowing the field theoretical arguments [58]. However, it
is very usual and actually natural to ask why the interac-
tion functions involving only the powers of ρc and/or ρx
should be preferred as there is no such objection to con-
sider other possible choices following the arguments in
[58]. So, one can look for some other kind of interaction
rates that may allow some more complicated functions
of ρc and ρx. In fact, similar to DE and modified grav-
ity models, the basic approach remains same, that means
one may allow various type of interaction models and ex-
amine their viabilities in light of the recent observational
data.
Thus, in the current work, we introduce some new type
of interaction models that have never been investigated
without any proper justifications. In order to investi-
gate the observational acceptance of the models, we per-
form global fittings of the models using the latest ob-
servational data with diverse origins. Moreover, we also
address several theoretical issues of the models both at
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2background and perturbative levels. For the numerical
simulations, we consider the Markov chain Monte Carlo
package COSMOMC [59, 60].
The work has been organized in the following way. In
section II we describe the gravitational equations of an
interacting universe at the level of background and per-
turbations as well the interaction models that we have
studied. After that in section III we provide the details
of the observational data that we have used to analyze
the models. In the next section IV we give the details of
the analyses for two interaction scenarios. Finally, in sec-
tion VII we close the present work with a brief summary
of the entire findings.
II. INTERACTING COSMOLOGY AT
BACKGROUND AND PERTURBATIVE LEVELS
In the large scale our Universe is almost homoge-
neous and isotropic and such geometric configuration is
well described by a spatially flat Friedmann-Lemaˆıtre-
Robertson-Walker (FLRW) universe characterized by the
line element
ds2 = −dt2 + a2(t)(dx21 + dx22 + dx23) (1)
where a(t) being the scale factor of the universe and
(x1, x2, x3) are the co-moving coordinates. In such a
universe we consider that the total energy content of
the universe is shared by radiation (photon + neutri-
nos), baryons, DM and DE 1. Although all species in-
teract with other at the gravitational level, however, in
the present work we focus only on the non-gravitational
interaction between DM and DE, that means, a matter
flow between DM and DE exists. We further assume that
DM is pressureless (also known as cold DM, abbreviated
as CDM) while DE has a constant barotropic state pa-
rameter. Finally, the entire matter sector is also assumed
to be minimally coupled to gravity.
Thus, in such a model of General Relativity, the con-
servation equations for the interacting DM and DE take
the forms
ρ˙c + 3Hρc = −Q(t), (2)
ρ˙x + 3H(1 + wx)ρx = Q(t), (3)
where ρc, ρx, as already quoted in the introduction, are
the energy densities of pressureless DM and DE, respec-
tively; the quantity wx = px/ρx (< −1/3) refers to the
equation of state for DE in which px is the pressure of the
DE fluid and Q is the interaction rate between these dark
sectors. The positivity in the interaction rate, that means
Q > 0 denotes the energy transfer from pressureless DM
1 Let us note that we fix the total neutrino mass to Mν = 0.06 eV
according to Planck’s baseline analyses.
to DE while its negative sign (i.e. Q < 0) denotes the
opposite case, that means the energy flow occurs from
DE to pressureless DM. The quantity H ≡ a˙/a, is the
Hubble rate of the FLRW universe which provides the
constraint equation on the dynamics as
H2 =
8piG
3
(ρr + ρb + ρc + ρx), (4)
where ρr and ρb are respectively the energy density of
radiation and baryons. Hence, if one describes the inter-
action rate Q(t), then the set of equations (2), (3) and
(4) can determine the entire dynamics of the universe.
However, as discussed earlier, in this work we aim to
discuss some particular choices for the interaction rates
beyond the general. In what follows, we introduce two
interaction rates
Q(t) = 3Hξρx sin
(
ρx
ρc
− 1
)
, (5)
and
Q(t) = 3Hξρx
[
1 + sin
(
ρx
ρc
− 1
)]
, (6)
where ξ in both (5) and (6) refers to the coupling param-
eter of the interaction rates. We note that the interaction
models featured with trigonometric functions, so far we
are aware of the literature, have not been investigated.
One could easily realize that since −1 ≤ sin θ ≤ 1 (θ
being a real number), thus, specifically model (5) could
allow both positive and negative values. That means
it seems to possess an oscillating character. In case of
model (6), although an oscillating trigonometric func-
tion is present, but since 0 ≤ (1 + sin θ) ≤ 2, thus, for
this model Q could take take either positive or negative
values depending on the sign of the coupling parameter.
Since the models are new in the literature, we expect that
it might be interesting to see what new ingredients the
models can add to the existing literature of IDE models.
For convenience, we label the interacting scenario with
the interaction rate (5) as IDE1 while the interacting
scenario driven by the interaction model (6) is labeled as
IDE2.
Considering the Taylor expansion of the interaction
models around ρxρc = 1, it is easy to find that the in-
teraction function (5) in its first approximation takes the
form of a nonlinear model
Q(t) ≈ 3Hξρx
(
ρx
ρc
− 1
)
= 3Hξ
(
ρ2x
ρc
− ρx
)
, (7)
and similarly the first approximation of the model (6)
around ρxρc = 1, leads to another nonlinear interaction
rate
Q(t) ≈ 3Hξ ρ
2
x
ρc
. (8)
3Thus, one can see that the models have some known non-
linear structure [37].
We digress for a moment from the above discussion
and go back to the conservation equations (2) and (3) by
recasting them in terms of the effective equations of state
for the dark fluids as follows
ρ˙c + 3H
(
1 + weffc
)
ρc = 0,
ρ˙x + 3H
(
1 + weffx
)
ρx = 0,
where weffc , w
eff
x are respectively identified as the effec-
tive equation of state parameters for CDM and DE hav-
ing the following expressions
weffc =
Q(t)
3Hρc
, (9)
weffx = wx −
Q(t)
3Hρx
, (10)
and both of which, as one may note, clearly describe that
the effective fluid could deviate from the original nature.
That means, the effective equation of state for CDM does
not behave like a dust if we have a nonzero interaction in
the dark sector, i.e. for Q(t) 6= 0. One may further note
that in terms of the effective fluids description, we now
have a non-interacting cosmological description. Thus,
in spite of having an interaction in the dark sectors, it
is possible to view it as a non-interacting cosmological
description in which both the dark fluids might be exotic
depending on the signal and strength of Q.
In fact, weffc could be negative and it may even behave
like a DE fluid, equivalently, weffc < −1/3, depending
on the strength as well as sign (of course for Q < 0) of
the interaction function. On the other hand, the effective
DE fluid may exhibit different characters. For instance,
if the DE fluid is the vacuum, i.e., wx = −1, then de-
pending on the sign of the interaction function, Q, the
nature of the effective fluid could be different. For in-
stance, if Q(t) > 0, the effective DE fluid behaves like
a phantom fluid (i.e. wx < −1) while for Q(t) < 0, the
equation of state parameter of the effective DE fluid will
be constrained as wx > −1. In a similar fashion, if the
DE is of quintessence or phantom, then depending on the
sign of Q, alternatively, depending on the energy transfer
between DE and pressureless DM, one could classify the
nature of the effective dark fluid. Thus, one could clearly
realize that the presence of interaction (i.e. Q 6= 0) in
the dark sectors may change the qualitative behaviour of
the fluids under interaction.
Let us now come to the exact effective equations of
state for the above interaction rates. For model IDE1,
one can derive the effective equations of state as,
weffc =
ξ
r
sin
(
1
r
− 1
)
, (11)
weffx = wx − ξ sin
(
1
r
− 1
)
, (12)
where we have used r = ρc/ρx, known as the coincidence
parameter. Similarly, for model IDE2, one can find that
weffc =
ξ
r
[
1 + sin
(
1
r
− 1
)]
(13)
weffx = wx − ξ
[
1 + sin
(
1
r
− 1
)]
. (14)
From the above couple of equations, one could determine
the nature of the effective equation of state parameters.
One could easily realize that for IDE1, the evolution of
weffc and w
eff
x are oscillating with respect to the coinci-
dence parameter, r. Additionally, the expression of weffc
for IDE1 directs that the effective equation of state for
CDM could be exotic in nature.
Let us now present the qualitative behaviour of the
interaction models (5) and (6) as well as their impacts
on the universe evolution through the effective equations
of state for CDM and DE respectively given in eqn. (9)
and eqn. (10).
In Fig. 1, we present the evolution of the interaction
rates (5) and (6) for two different regimes of the DE
equation of state, namely quintessence (wx > −1) and
phantom (wx < −1) considering different values of the
coupling parameter ξ, namely, ξ = 0.01, 0.04, 0.07 and
ξ = 0.1 aiming to understand how different values of the
coupling parameter affect the qualitative features of the
interaction models. The upper panel of Fig. 1 stands
for IDE1 of (5) while the lower panel stands for IDE 2
of (6). We note that while showing the behaviour of
the interaction model, we have plotted the dimension-
less quantity Q/Q0 (here Q0 = H0ρ0, ρ0 being the total
energy density of the matter sector defined through the
Hubble equation (4)). Now, looking at the upper panel of
Fig. 1 (IDE1), one can notice that the interaction model
allows a fine transition from its negative values (Q < 0)
to positive values (Q > 0). For the case with Q < 0,
the energy flow takes place from DE to pressureless DM.
As a consequence, as long as the energy flow takes place
from DE −→ pressureless DM, the energy density of the
DM sector continues to increase and the dynamics of the
universe is dominated by the DM sector. We note that
for higher values of the coupling parameter, as one can
see from the curves representing ξ = 0.1 (see both the
upper plots of Fig. 1), the energy flow is higher in terms
of the quantity |Q/Q0|. When the energy flow reverses
its direction (Q < 0 −→ Q > 0), the energy flow takes
place from pressureless DM to DE, and hence the energy
density of DE becomes higher compared to the energy
density of the pressureless DM. As a result, the DE sector
dominates the universe’s dynamics compared to the pres-
sureless DM and we observe the late accelerating phase
of the universe. On the other hand, for the second inter-
action model (6), i.e. for IDE2, we do not find any such
sign changeable feature, see the lower panel of Fig. 1.
Thus, one can see that IDE1 scenario has an appealing
characteristic in term of its sign changeable behaviour.
We note that only a few IDE models with such special
aspect exist in the literature [61–65]. The imprints of
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FIG. 1. The evolution of the interaction rate for different values of the coupling parameter ξ assuming both quintessence and
phantom DE equation of state parameters. The upper panel shows the behaviour of the model Q(t) = 3Hξρx sin
(
ρx
ρc
− 1
)
for
the quintessence (upper left) and phantom DE (upper right) state parameters for some values of the coupling parameter. The
lower panel shows the behaviour of the model Q(t) = 3Hξρx
[
1 + sin
(
ρx
ρc
− 1
)]
where the lower left stads for wx > −1 and the
lower right stands for wx < −1. In both the plots we have used a parameter Q0 = H0ρ0, and thus the quantity Q/Q0 becomes
dimensionless, where ρ0 =
3H20
8piG
, is the present value of the total energy density defined in eqn. (4). While drawing the plots
we have fixed Ωc0 = 0.28, Ωx0 = 0.68, Ωr0 = 0.0001, and Ωb0 = 1− Ωr0 − Ωc0 − Ωx0 = 0.0399.
this sign changeable nature in Q can also be reflected in
other parameters, namely the effective equation of state
parameters that we have described below.
In order to have a better understanding on the be-
haviour of the effective equation of state parameters of
the dark fluids, namley, weffc and w
eff
x , we have con-
sidered two different DE regimes, namely, quintessence
(wx > −1) and phantom (wx < −1). Let us note that
since the interaction function includes the energy density
of DE, thus, the effective equation of state parameter for
pressureless DM shown in (9) is dependent on the equa-
tion of state parameter for DE. Thus, while describing
the evolution of weffc , it is necessary to consider a spe-
cific value of wx. Following these, in Fig. 2 and Fig. 3,
we have described the evolution of weffc and w
eff
x for two
different regimes of wx as well as for different values of
the coupling parameter for the interacting scenarios IDE1
and IDE2, respectively. Let us describe the evolution of
weffc and w
eff
x for each IDE model.
Fig. 2 corresponds to IDE1. The upper plots of Fig. 2
present the evolution of weffc and the lower plots of Fig.
2 present the evolution of weffx for different values of the
coupling parameters as well as for two different regimes
of wx, namely, quintessence and phantom. For IDE1,
we have already noticed that a transition from Q < 0
(energy flows from DE to CDM) to Q > 0 (energy flows
from CDM to DE) is allowed (see the upper plots of Fig.
1). Thus, when the energy flow occurs from DE to CDM
(i.e. Q < 0), the effective nature of CDM becomes exotic
(see eqn. (9)) meaning that weffc < 0; see the evolution of
the curves (corresponding to each coupling parameter ξ,
after z & 0.25) in the upper plots of Fig. 2. On the other
hand, concerning the effective nature of the DE sector
we find, weffx > wx; similarly, see the evolution of the
curves (corresponding to each coupling parameter ξ, after
z & 0.25) in the lower plots of Fig. 2. When the energy
flow reverses its direction (Q < 0 −→ Q > 0), that means
when energy flow occurs from CDM to DE (i.e. Q > 0),
then weffc becomes positive but more negative nature of
the effective DE sector is enhanced, i.e. weffx < wx. These
features are encoded in the curves of all plots of Fig. 2
for z . 0.25. In a similar fashion, Fig. 3 corresponds to
the evolution of the effective state parameters for IDE2.
Since for IDE2, the interaction rate does not allow any
transition in its sign, thus, we have quite straightforward
behavior in both weffc and w
eff
x as shown in various plots
of Fig. 3.
Having presented the evolution equations of the IDE
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FIG. 2. We demonstrate the evolution of the effective equation of states for CDM and DE for the interaction model Q(t) =
3Hξρx sin
(
ρx
ρc
− 1
)
considering both the possibilities of the DE equation of state, i.e., whether wx is in the quintessence or in
the phantom regime. We have fixed Ωc0 = 0.28, Ωx0 = 0.68, Ωr0 = 0.0001, and Ωb0 = 1− Ωr0 − Ωc0 − Ωx0 = 0.0399.
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FIG. 3. We demonstrate the evolution of the effective equations of state for CDM and DE for the interaction model Q(t) =
3Hξρx
[
1 + sin
(
ρx
ρc
− 1
)]
considering both the possibilities of the DE equation of state, i.e., whether wx is in the quintessence
or in the phantom regime. For all the plots we have fixed Ωc0 = 0.28, Ωx0 = 0.68, Ωr0 = 0.0001, and Ωb0 = 1−Ωr0−Ωc0−Ωx0 =
0.0399.
6models at the level of background, we are now interested
to investigate the models at the level of perturbations.
Combining the evolution equations at the level of back-
ground and perturbations equations, one can fully deter-
mine the exact nature of the interaction models. Thus, in
order to do that, we consider the most general perturbed
FLRW metric [66–68]
ds2 = a2(τ)
[
− (1 + 2φ)dτ2 + 2∂iBdτdxi
+
(
(1− 2ψ)δij + 2∂i∂jE
)
dxidxj
]
, (15)
in which τ is the conformal time; φ, B, ψ, E are
the the gauge-dependent scalar perturbation quantities.
Now, using the above metric (15), one can derive the
gravitational equations following [9, 13, 14]: ∇νTµνA =
QµA,
∑
A
QµA = 0, where A = c (for pressureless DM or
CDM) or A = x (for dark energy) and QµA = (QA +
δQA)u
µ + a−1(0, ∂ifA), relative to the four-velocity vec-
tor uµ. Here, QA denotes the background energy transfer
(i.e., QA = Q) and the quantity fA refers to the mo-
mentum transfer potential. Following the well accepted
earlier theories [9, 13, 14], we restrict the interaction sce-
nario where the momentum transfer potential is set to
zero in the rest frame of the DM fluid and consequently,
one can find that k2fA = QA(θ − θc), where k denotes
the wave number; θ = θµµ, and θc are respectively the vol-
ume expansion scalar of the total fluid and the volume
expansion scalar for the pressureless DM (CDM) fluid.
Now, one can consider either a synchronous gauge or
the conformal Newtonian gauge to describe the perturba-
tions equations. Here, we adopt the synchronous gauge
for which φ = B = 0, ψ = η, and k2E = −h/2 − 3η
(where h and η are the metric perturbations, see [67]
for a detailed reading), and moreover, assuming zero
anisotropic stress in the interacting scenario, the den-
sity and velocity perturbations for the dark fluids can be
written as
δ′x = −(1 + wx)
(
θx +
h′
2
)
− 3H(c2sx − wx)
[
δx + 3H(1 + wx)θx
k2
]
− 3Hw′x
θx
k2
+
aQ
ρx
[
−δx + δQ
Q
+ 3H(c2sx − wx)
θx
k2
]
,
θ′x = −H(1− 3c2sx)θx +
c2sx
(1 + wx)
k2δx +
aQ
ρx
[
θc − (1 + c2sx)θx
1 + wx
]
,
δ′c = −
(
θc +
h′
2
)
+
aQ
ρc
(
δc − δQ
Q
)
,
θ′c = −Hθc,
where δA = δρA/ρA (A = c or x, mentioned above) is
the density perturbations; H = a′/a, is the conformal
Hubble parameter and δQ/Q includes the perturbations
for the Hubble rate δH where H = aH. Now using δH,
one may derive the gauge invariant equations for the in-
teracting dark fluids, see [12] for more details. Thus, the
above set of equations present the general perturbation
equations for any coupling Q between DM and DE. Let
us now present the exact perturbation equations for the
two interacting functions. The perturbation equations of
DE and CDM for IDE1 are,
δ′x = −(1 + wx)
(
θx +
h′
2
)
− 3H(c2sx − wx)
[
δx + 3H(1 + wx)θx
k2
]
− 3Hw′x
θx
k2
+3Hξ sin
(
ρx
ρc
− 1
)[
cos(1− ρx/ρc)
sin(ρx/ρc − 1)
ρx
ρc
(δx − δc)
+
θ + h′/2
3H + 3H(c
2
sx − wx)
θx
k2
]
,
θ′x = −H(1− 3c2sx)θx +
c2sx
(1 + wx)
k2δx + 3Hξ sin
(
ρx
ρc
− 1
)[
θc − (1 + c2sx)θx
1 + wx
]
,
7δ′c = −
(
θc +
h′
2
)
+ 3Hξ ρx
ρc
sin
(
ρx
ρc
− 1
)[
δc − δx − cos(1− ρx/ρc)
sin(ρx/ρc − 1)
ρx
ρc
(δx − δc)− θ + h
′/2
3H
]
,
θ′c = −Hθc,
while on the other hand, the perturbation equations for IDE2 are
δ′x = −(1 + wx)
(
θx +
h′
2
)
− 3H(c2sx − wx)
[
δx + 3H(1 + wx)θx
k2
]
− 3Hw′x
θx
k2
+3Hξ
[
1 + sin
(
ρx
ρc
− 1
)][
cos(1− ρx/ρc)
1 + sin(ρx/ρc − 1)
ρx
ρc
(δx − δc) + θ + h
′/2
3H + 3H(c
2
sx − wx)
θx
k2
]
,
θ′x = −H(1− 3c2sx)θx +
c2sx
(1 + wx)
k2δx + 3Hξ
[
1 + sin
(
ρx
ρc
− 1
)][
θc − (1 + c2sx)θx
1 + wx
]
,
δ′c = −
(
θc +
h′
2
)
+ 3Hξ ρx
ρc
[
1 + sin
(
ρx
ρc
− 1
)][
δc − δx − cos(1− ρx/ρc)
1 + sin(ρx/ρc − 1)
ρx
ρc
(δx − δc)− θ + h
′/2
3H
]
,
θ′c = −Hθc,
We close this section with a general treatment for the
growth rate of matter perturbations valid for any inter-
acting DE model as well as some other quantities that are
also affected in presence of the interaction. The general
expression describing the growth rate of matter pertur-
bations in presence of an arbitrary interaction function
Q is,
δ′′c +
(
1− Q
Hρc
)
Hδ′c =
3
2
H2Ωbδb + 3
2
H2Ωcδc
{
1 +
2
3
ρt
ρc
Q
Hρc
[
H′
H2 + 1− 3wx +
w′x
H(1 + wx) +
Q
Hρc
(
1 +
ρx
ρc
)]}
,
from which it is evident that in presence of no interac-
tion (i.e. Q = 0), the standard equation of growth rate
of matter perturbations for the non-interacting cosmolo-
gies can be easily recovered. In (16), H is the conformal
Hubble factor that has already been mentioned earlier
and the prime stands for the derivative with respect to
the conformal time. The growth rate of pressureless DM,
fc, which measures the direct effects of interaction on
the matter perturbations is, fc =
d
da (ln δc). Thus, plug-
ging the interaction rate Q considered in this work, into
(16), one could find the growth rate of pressureless DM.
We have numerically solved the equation (16) for both
interaction functions considering the initial condition,
δc[0.001] = δb[0.001] = 0.001, δ
′
c[0.001] = δ
′
b[0.001] = 1.
In Fig. 4 we show the growth rate of the CDM, fc, for
IDE1 considering various values of the coupling param-
eter, ξ. In particular, we checked the evolution history
of fc for both quintessence DE, i.e. wx > −1 (left plot
of Fig. 4 ) and phantom DE, i.e. wx < −1 (right plot
of Fig. 4) DE. From both the plots in Fig. 4, one could
clearly see that the coupling parameter significantly af-
fects the entire growth history of the universe, and in par-
ticular, at late times the growth rate for CDM presents
large differences. This actually implies that the growth
history of CDM is much sensitive to the coupling pa-
rameter. We note that for small coupling parameter, for
instance ξ = 0.01, the changes in the growth rate is not
pronounced, while the changes are prominent as long as
the coupling parameter increases (see the curves in Fig.
4 corresponding to ξ = 0.04 and 0.07). We also note that
the evolution of fc, does not significantly depend on the
DE state parameters. Similarly, in Fig. 5, we present
the same quantity, namely, fc but for IDE2 using differ-
ent values of the coupling parameter, which again clearly
8shows that the growth history of the universe is signifi-
cantly affected in presence of a non-zero coupling param-
eter. In both Figs. 4 and 5, the violent changes in the
evolution of fc appear mainly in the late times. More-
over, we also notice that for IDE2, the evolution of fc is
slightly different than IDE1 and this differences mainly
appear due to their different evolution, see Fig. 1. In
fact, from Fig. 4, one can see that all the curves repre-
senting fc for ξ 6= 0 cross the curve fc with ξ = 0. This
actually happens since the interaction function (5) has a
sign changeable property. In summary, we observe that
the growth history of the universe is highly dependent
on the interaction in the dark sector, which is natural
because in this case the evolution of CDM changes which
directly affects the growth rate of CDM. For more dis-
cussions on this issue, we refer to [19, 20].
Finally, we introduce the effective expansion history
of the universe, Heff , which is the expansion history of
the universe in presence of the interaction function Q.
The effective expansion history of the universe has the
following expression
Heff
H =
(
1− Q
Hρc
)
. (16)
which for Q = 0, recovers the non-interacting case
Heff = H. We have graphically shown the behavior of
Heff for both the IDE models. In Figs. 6 (for IDE1) and
7 (for IDE2) we show the effective expansion history of
the universe for different values of the coupling parameter
considering both quintessence and phantom dark energy
state parameter. The left plot of Fig. 6 and 7 stands
for wx > −1 regime and the right plot of Fig. 6 and
7 stands for wx < −1 regime. From all the plots, one
can clearly notice that as long as the coupling parame-
ter increases, the deviation of Heff becomes evident from
its corresponding non-interacting expression, i.e. H, and
interestingly such effect remains independent of the dark
energy equation of state.
III. THE DATA AND METHODOLOGY
In this section we describe the observational datasets
aiming to use for analyzing the present interacting DE
models. In what follows we describe each dataset with
their corresponding references.
1. Cosmic microwave background data: We con-
sider the cosmic microwave background (CMB)
temperature and polarization anisotropies together
with their cross correlations from the latest Planck
2018 release [69, 70]. This dataset is known as the
Planck TT,TE,EE+lowE. In this work we refer to
this dataset as Planck 2018.
2. Baryon acoustic oscillations distance mea-
surements: We use the baryon acoustic oscilla-
Parameter Prior
Ωbh
2 [0.005, 0.1]
Ωch
2 [0.01, 0.99]
τ [0.01, 0.8]
ns [0.5, 1.5]
log[1010As] [2.4, 4]
100θMC [0.5, 10]
ξ [0, 1]
wx [−2, 0]
TABLE I. Flat priors on various free parameters of the inter-
acting scenarios used during the statistical analyses.
tions (BAO) distance measurements from the ex-
periments 6dFGS [71], SDDS MGS [72], and BOSS
DR12 [73]. One can quickly look at the Table 1 of
[74] where the measured values of the observables
related to these experiments are displayed.
3. Dark energy survey: We consider the measure-
ments of the first-year Dark Energy Survey mea-
surements [75–77].
4. Hubble Space Telescope (HST): Finally, we
consider the very latest measurement of the Hub-
ble constant from the Hubble Space Telescope.
The measurement of the Hubble constant yields
H0 = 74.03 ± 1.42 km/s/Mpc (at 68% CL) [78].
Let us note that H0 from [78] is in tension (4.4σ)
with the Planck’s report within the ΛCDM cosmol-
ogy. We refer to this data as R19 in this work.
Now, using the above observational datasets, we have
fitted both the interaction scenarios where the algo-
rithm to extract the cosmological constraints is the
well known Markov Chain Monte Carlo (MCMC) pack-
age COSMOMC [59, 60] in which a convergence diagnos-
tic, namely the Gelman and Rubin statistic is already
equipped. Additionally the package includes the sup-
port for the Planck 2018 Likelihood Code [70] (see http:
//cosmologist.info/cosmomc/). For both the interac-
tion scenarios, since the DE has a constant equation of
state, the parameters space of our interest is the follow-
ing P ≡
{
Ωbh
2,Ωch
2, 100θMC , τ, ns, log[10
10AS ], wx, ξ
}
,
where the symbols in P have the following meanings:
Ωbh
2 is the baryons density; Ωch
2 is the cold DM den-
sity; 100θMC is the ratio of sound horizon to the angu-
lar diameter distance; τ is the optical depth; ns, is the
scalar spectral index and AS is the amplitude of the ini-
tial power spectrum; wx is the constant equation of state
parameter for DE; ξ is the coupling strength. In Table
I we describe the priors on the model parameters of the
interacting scenarios that we have taken during the sta-
tistical analysis.
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FIG. 4. Growth rate of CDM, fc, for IDE1 corresponding to the interaction function (5) has been shown for different values of
the coupling parameter. In the left plot we assume that DE has quintessence behaviour where we set wx = −0.98 as a typical
value whilst for the right plot we fix phantom DE with a typical value wx = −1.1. For both the plots we set Ωc0 = 0.28,
Ωx0 = 0.68, Ωr0 = 0.0001, and Ωb0 = 1− Ωr0 − Ωc0 − Ωx0 = 0.0399.
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FIG. 5. Growth rate of CDM, fc, for IDE2 corresponding to the interaction function (6) has been shown for different values of
the coupling parameter. In the left plot we assume DE has quintessence behaviour where we set wx = −0.98 as a typical value
whilst for the right plot we fix phantom DE with a typical value wx = −1.1. For both the plots we set Ωc0 = 0.28, Ωx0 = 0.68,
Ωr0 = 0.0001, and Ωb0 = 1− Ωr0 − Ωc0 − Ωx0 = 0.0399.
IV. RESULTS AND ANALYSIS
In this section we present the observational analysis for
the present interaction scenarios using CMB measure-
ments from Planck 2018, BAO, DES and a local mea-
surement of H0 from HST. We first constrain the models
using CMB data only from Planck 2018 and then added
other datasets considering the tensions between them so
that the results are not biased due to the tensions be-
tween the datasets. In what follows we describe the main
observational consequences of the interacting scenarios
and check how the coupling parameter.
A. IDE1: Q(t) = 3Hξρx sin
(
ρx
ρc
− 1
)
The observational constraints on this nonlinear in-
teraction model at 68% and 95% confidence-level (CL)
have been shown in Table II for various cosmological
datasets, namely, CMB alone from Planck 2018, Planck
2018+BAO, Planck 2018+DES, Planck 2018+R19 and
Planck 2018+BAO+R19. And in Fig. 8 we show the
(wx, ξ), (ξ,H0) and (ξ,Ωm0) planes at 68% and 95% CL.
Fig. 8 is very interesting because as one can see, the cou-
pling parameter is found to be uncorrelated with wx, H0
and Ωm0. In particular, the joint contour (wx, ξ) is ver-
tical for all the datasets showing no correlation between
them. The same is true for other two cases. We note that
within this interaction scenario one could safely combine
R19 data with Planck 2018 and Planck 2018+R19. Be-
cause as we shall show below, the Planck 2018 data for
this interaction scenario do not show any tension with
the local estimation of H0. Similarly, for this model
consideration the tension between the datasets, Planck
2018+BAO and R19 are less than 2σ, thus one can safely
add R19 with Planck 2018+BAO. Let us now describe
how these datasets could constrain a possible coupling
in the dark sector driven by this nonlinear interaction as
well as we try to explore other consequences.
In the second column of Table II we show the con-
straints on this model for Planck 2018 alone. We
find that the coupling parameter is non-null and within
68% CL this gives its nonzero estimation leading to
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FIG. 6. We show the evolution of the effective expansion history Heff for the IDE1 scenario. The left panel stands for the
quintessence DE state parameter (wx > −1) whilst the right panel stands for phantom DE state parameter (wx < −1). Similar
to earlier plots, here too, we fix Ωc0 = 0.28, Ωx0 = 0.68, Ωr0 = 0.0001, and Ωb0 = 1− Ωr0 − Ωc0 − Ωx0 = 0.0399.
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FIG. 7. We show the evolution of the effective expansion history Heff for the IDE2 scenario. The left panel stands for the
quintessence DE state parameter (wx > −1) whilst the right panel stands for phantom DE state parameter (wx < −1). The fixed
values that we set while drawing the plots are, Ωc0 = 0.28, Ωx0 = 0.68, Ωr0 = 0.0001, and Ωb0 = 1−Ωr0−Ωc0−Ωx0 = 0.0399.
ξ = 0.063+0.046−0.053 (68% CL). The dark energy equation
of state, wx, although favors its phantom nature (wx =
−1.204+0.241−0.178 at 68% CL), but as one can see, within 68%
CL, its quintessence nature is equally allowed. The most
interesting result of this anlysis is that the Hubble con-
stant is almost same with its local determination. We
find that within this interaction scenario Planck 2018
data alone constrain H0 = 72.67
+5.43
−8.26 km/s/Mpc (at 68%
CL) and the local determination of H0 by Riess et al.
H0 = 74.03 ± 1.42 km/s/Mpc (at 68% CL) [78]. This
clearly shows that the H0 tension is resolved in presence
of a non-zero interaction. Thus, we find that within this
model consideration, a mild non-zero interaction is able
to successfully solve the H0 tension.
We now consider the analysis with Planck 2018+BAO.
The inclusion of BAO to Planck 2018 is purely moti-
vated to break the statistical degeneracies in the pa-
rameter space that may appear during the analysis with
Planck 2018 data only. We find that when BAO data are
added to Planck 2018, the evidence for a non-zero cou-
pling becomes stronger. Our results show that at more
than 95% CL, the coupling parameter remains nonzero
(ξ = 0.072+0.054−0.069, Planck 2018+BAO), and thus, it sig-
nals for a strong interaction in the dark sector. We also
find that H0 is slightly goes down (H0 = 69.17
+1.53
−1.71
km/s/Mpc at 68% CL) compared to Planck 2018 only
(H0 = 72.67
+5.43
−8.26 km/s/Mpc at 68% CL) but due to its
higher error bars, the tension is reduced and within 95%
CL, it is reconciled. We also notice that the dark energy
equation has a phantom character at more than 68% CL
(wx = −1.096+0.062−0.064, 68% CL). For Planck 2018+DES,
we find similar conclusion on ξ as observe with Planck
2018+BAO. We find that for Planck 2018+DES, the ev-
idence of a nonzero coupling also increases with ξ 6= 0
at more than 95% CL together with a high value of the
Hubble constant which is slightly higher than the local
measurements but consistent to it within 68% CL. Thus,
Planck 2018+DES is in favor of alleviating the H0 ten-
sion together with a nonzero coupling in the dark sector
as well as the phantom nature of the dark energy equa-
tion of state at more than 95% CL.
We now come to the final two analyses, namely Planck
2018+R19 and Planck 2018+BAO+R19. We see that
the constraint on H0 from Planck 2018 is not in tension
with its local measurements [78]. Thus, one could safely
consider the combined analysis Planck 2018+R19. On
the other hand, concerning the constraints on H0 since
the tension between the datasets Planck 2018+BAO
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Parameters Planck 2018 Planck 2018+BAO Planck 2018+DES Planck 2018+R19 Planck 2018+BAO+R19
Ωch
2 0.1162+0.0038+0.0074−0.0042−0.0079 0.1149
+0.0028+0.0057
−0.0033−0.0052 0.1128
+0.0025+0.0056
−0.0034−0.0051 0.1139
+0.0033+0.0068
−0.0044−0.0063 0.1138
+0.0026+0.0064
−0.0041−0.0056
Ωbh
2 0.02232+0.00015+0.00029−0.00015−0.00029 0.02235
+0.00014+0.00027
−0.00014−0.00027 0.02240
+0.00014+0.00027
−0.00013−0.00027 0.02233
+0.00014+0.00029
−0.00015−0.00028 0.02233
+0.00014+0.00029
−0.00015−0.00028
100θMC 1.04085
+0.00038+0.00070
−0.00037−0.00073 1.04096
+0.00035+0.00064
−0.00033−0.00067 1.04110
+0.00034+0.00068
−0.00032−0.00068 1.04099
+0.00037+0.00069
−0.00036−0.00072 1.04100
+0.00036+0.00069
−0.00035−0.00068
τ 0.054+0.0077+0.017−0.0088−0.015 0.054
+0.0076+0.016
−0.0076−0.016 0.055
+0.0078+0.016
−0.0080−0.016 0.054
+0.0076+0.016
−0.0076−0.015 0.054
+0.0075+0.016
−0.0082−0.015
ns 0.9726
+0.0043+0.0089
−0.0046−0.0088 0.9734
+0.0041+0.0078
−0.0040−0.0078 0.9745
+0.0040+0.0078
−0.0039−0.0076 0.9726
+0.0042+0.0082
−0.0042−0.0080 0.9723
+0.0038+0.0077
−0.0043−0.0074
ln(1010As) 3.054
+0.016+0.034
−0.018−0.031 3.054
+0.015+0.033
−0.015−0.032 3.054
+0.016+0.032
−0.016−0.031 3.054
+0.015+0.032
−0.016−0.031 3.054
+0.016+0.031
−0.015−0.031
wx −1.204+0.241+0.456−0.178−0.616 −1.096+0.062+0.121−0.064−0.120 −1.307+0.175+0.266−0.136−0.279 −1.253+0.054+0.099−0.051−0.101 −1.187+0.046+0.089−0.046−0.095
ξ 0.063+0.046+0.052−0.053−0.063 0.072
+0.050+0.054
−0.027−0.069 0.069
+0.040+0.052
−0.026−0.060 0.063
+0.048+0.053
−0.030−0.063 0.074
+0.048+0.053
−0.023−0.066
Ωm0 0.272
+0.047+0.119
−0.063−0.118 0.289
+0.015+0.030
−0.015−0.030 0.235
+0.026+0.058
−0.034−0.054 0.250
+0.011+0.024
−0.013−0.023 0.266
+0.0099+0.021
−0.012−0.021
σ8 0.857
+0.055+0.157
−0.070−0.130 0.824
+0.021+0.040
−0.021−0.040 0.884
+0.042+0.081
−0.049−0.080 0.872
+0.017+0.034
−0.017−0.033 0.852
+0.016+0.031
−0.017−0.030
H0 72.67
+5.43+16.94
−8.26−15.21 69.17
+1.53+3.02
−1.71−2.78 76.46
+4.05+9.93
−6.28−9.09 74.03
+1.42+2.78
−1.40−2.82 71.77
+1.05+2.18
−1.17−2.05
TABLE II. Observational constraints at 68% and 95% CL on the first interaction scenario (IDE1) corresponding to the inter-
action rate Q(t) = 3Hξρx sin
(
ρx
ρc
− 1
)
. Here, Ωm0 is the value of Ωm = Ωc + Ωb calculated at z = 0 (i.e., present epoch), and
H0 is in the units of km/Mpc/sec.
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FIG. 8. 68% and 95% confidence-level contour plots for the IDE1 scenario showing the effects of the coupling parameter on
other observables using different observational datasets.
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FIG. 9. Whisker plot with 68% CL constraints on H0 for the IDE1 scenario considering all the cosmological datasets employed
in this work. The grey vertical corresponds to H0 measurement from Planck 2018 release and the bluish vertical band stands
for H0 measurement (R19).
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FIG. 11. The evolution of the quantity Ωm/Ωr for the IDE1
scenario (corresponding to the interaction function in eqn.
(5)) has been shown for various values of the coupling param-
eter ξ. We note that here Ωm = Ωc + Ωb. The horizaontal
line corresponds to the case, Ωm = Ωr implying the matter-
radiation equality. We see that the curves corresponding to
different values of ξ cannot be distinguished from one an-
other, but actually they are different as shown in the subplot
inside the main plot. The parameters that we fix to depict
the plots are, Ωc0 = 0.28, Ωx0 = 0.68, Ωr0 = 0.0001, and
Ωb0 = 1− Ωr0 − Ωc0 − Ωx0 = 0.0399.
and R19 are less 3σ, thus, the combination Planck
2018+BAO+R19 can also be considered safely. The re-
sults of Planck 2018+R19 and Planck 2018+BAO+R19
are shown in the last two columns of Table II, respec-
tively. Our analyses show that both the combinations
show an evidence for a nonzero coupling in the dark sec-
tor. However, for Planck 2018+R19, ξ allows its zero val-
ues within 95% CL, while for Planck 2018+BAO+R19,
ξ 6= 0 at more than 95% CL. For both the datasets,
we find an evidence of a phantom DE at more than
95% CL. Additionally, we find that the estimations of
H0 are influenced by R19. As one can see that H0 =
74.03+1.42−1.40 km/Mpc/sec (68% CL, Planck 2018+R19)
and H0 = 71.77
+1.05
−1.17 km/Mpc/sec (68% CL, Planck
2018+BAO+R19). Thus, for Planck 2018+R19, H0 ten-
sion is perfectly solved. For a better understanding on
how H0 tension is solved/alleviated within this interac-
tion scenario we show the whisker plot for H0 at 68% CL
in Fig. 9 considering all the observational datasets.
Finally, we focus on the cosmological implications of
the interaction in the large scale of our Universe via
CMB temperature power spectra (CMB TT) and matter
power spectra. To understand how the coupling param-
eter influences the cosmological dynamics, in Fig. 10, we
present the CMB TT (left graph of Fig. 10) and matter
power spectra (right graph of Fig. 10) for different val-
ues of the coupling parameter ξ. We note that in Fig.
10 we have also included the non-interacting ΛCDM case
(ξ = 0) in order to show how the model with ξ 6= 0 be-
haves differently with ξ = 0 case (here ΛCDM). From
the left panel of Fig. 10, we find that with the increase
of the coupling parameter, the height of the first acous-
tic peak in the CMB TT mildly decreases relative to the
height of the first acoustic peak corresponding to the non-
interacting case (here ΛCDM model). The reason of such
changes can be realized as follows. In presence of an in-
teraction, the energy density of CDM does not follow the
usual evolution law (ρc ∝ a−3), and hence the evolution
of the entire matter sector, Ωm (= Ωc+Ωb) changes from
its usual law and as a consequence the matter-radiation
quality may alter. In Fig. 11 we show the evolution
of Ωm/Ωr for different values of the coupling parameter
where the epoch at which the equality Ωm = Ωr holds,
is known as the matter radiation equality. From Fig.
11 (see specifically the subplot in Fig. Fig. 11), we
find that due to an interaction in the dark sector, the
matter-radiation equality occurs earlier compared to the
non-interacting case (ξ = 0). In case of this scenario, the
shift of matter-radiation equality is very mild. However,
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due to earlier matter-radiation equality, the sound hori-
zon is decreased, and as a consequence, the first peak of
CMB TT is decreased. Moreover, our investigations also
reveal that in the lower multipole region some changes in
the CMB TT spectra are visible. Precisely, we find that,
as ξ increases, the amplitude of the corresponding CMB
TT spectrum decreases, relative to the non-interacting
case (left panel of Fig. 10). As the presence of inter-
action changes the evolution of CDM from its usual law
(without interaction), hence this directly affects the CMB
TT spectra in the lower multipole region via integrated
Sachs-Wolfe (ISW) effect due to the gravitational poten-
tial. Let us now discuss the effects of interaction in the
matter power spectra. From the matter power spectra
for this model (right plot of 10), one can notice that the
evolution in matter power spectra is completely opposite
to the CMB TT spectra. The amplitude of the matter
power spectra increases with the increase of the coupling
parameter ξ. The reason for such enhancement is due to
the earlier matter-radiation equality as shown in Fig. 11.
B. IDE2: Q(t) = 3Hξρx
[
1 + sin
(
ρx
ρc
− 1
)]
The constraints on this interaction model have
been displayed in Table III at 68% and 95% CL
for the datasets namely, CMB Planck 2018, Planck
2018+BAO, Planck 2018+DES, Planck 2018+R19 and
Planck 2018+BAO+R19. In Fig. 12 we present the
joint contours in the planes (wx, ξ), (ξ,H0) and (ξ,Ωm0)
at 68% and 95% CL for all the observational datasets.
From Fig. 12, we also observe that ξ is uncorrelated
with both wx and H0, and this is true irrespective of the
cosmological datasets. Most of the joint contours rep-
resenting the planes either (wx, xi) or (ξ,H0) are either
vertical or horizontal. However, the correction between
ξ and Ωm0 is found for some datasets, for example, both
Planck 2018+BAO and Planck 2018+R19 exhibit the
strong anticorrelation between them. Let us note that,
as explained earlier, for this model too we could safely
combine R19 with Planck 2018 and Planck 2018+R19.
In the following we shall describe the constraints on this
model scenario in detail.
In the second column of Table III we show the con-
straints from CMB alone. We find that the Hubble
constant takes a very large value (H0 = 84.33
+15.46
−7.39
km/Mpc/sec, at 68% CL) which is even greater than its
local measurement, and thus, the H0 tension persists.
On the other hand we see that the coupling parameter is
constrained to be small and it is consistent to ξ = 0. Ad-
ditionally, we find that a phantom dark energy equation
of state is suggested at more than 68% CL.
Similar to the previous model, here too we add BAO
to CMB (from Planck 2018) aiming to break the degen-
eracies in the parameters while analyzing the underlying
model with Planck 2018 data only. When BAO data
are added to Planck 2018, we see that the mean value
of H0 is substantially reduced with reduced error bars
(H0 = 69.06
+1.36
−1.61 km/Mpc/sec, at 68% CL). However,
this estimation is higher compared to Planck’s recent
measurements [79] and the tension on H0 is indeed re-
duced a bit but not solved completely. The coupling pa-
rameter ξ assumes a mild value but within 68% CL, it is
consistent to ξ = 0. Concerning the dark energy equation
of state, although the mean value is phantom but within
68% CL, its quintessence nature is also allowed. Interest-
ingly, the inclusion of DES to Planck 2018 gives similar
constraints as we already found with IDE1. That means
for this model scenario, an evidence of a non-zero cou-
pling in the dark sector (ξ 6= 0 at more than 95% CL) is
strongly suggested by Planck 2018+DES, and moreover,
a phantom wx is also suggested at more than 95% CL
together with an increased Hubble constant. The mea-
surement of Hubble constant, H0 for Planck 2018+DES
is perfectly consistent (within 68% CL) with its local es-
timation [78].
We then concentrate on the observational constraints
for Planck 2018+R19 and Planck 2018+BAO+R19. If we
consider the constraint on H0 from Planck 2018, we see
that due to high error bars in it, within 95% CL, this is
not in tension with its local measurements [78], so the ad-
dition of R19 with Planck 2018 does not bias the results.
Similarly, looking at the constraint on H0 from Planck
2018+BAO, we see that the tension between the datasets
Planck 2018+BAO and R19 are less 3σ, thus, the com-
bination Planck 2018+BAO+R19 can also be taken into
consideration. From both the analyses, we find that the
Hubble constant increases and becomes close to its local
measurement and thus alleviating the tension. In par-
ticular, for Planck 2018+R19, H0 tension is solved per-
fectly within 68% CL and for Planck 2018+BAO+R19,
this is solved within 95% CL. In Fig. 13 we show the
whisker plot for H0 taking its 68% CL constraints con-
sidering all the datasets. This gives a clear idea on how
the H0 tension is solved/alleviated by different observa-
tional data within this model scenario. The dark energy
equation of state remains phantom at more than 95% CL.
However, concerning the coupling parameter, for Planck
2018+R19, we do not find any strong evidence for it (ξ
is mild and consistent to 0 at 68% CL), but for Planck
2018+BAO+R19, an evidence for ξ 6= 0 is strongly sug-
gested. We see that for the latter combination, that
means for Planck 2018+BAO+R19, ξ = 0.074+0.052−0.066, at
95% CL.
In a similar fashion, let us now discuss the effects of in-
teraction in the CMB temperature power spectra (CMB
TT) and matter power spectra. In Fig. 14, we present
the CMB TT (left graph of Fig. 14) and matter power
spectra (right graph of Fig. 14) for different values of the
coupling parameter ξ. For comparison, we include the
non-interacting ΛCDM case (ξ = 0) in the left graph of
Fig. 14 with ξ 6= 0 cases. From the CMB TT spectra (left
plot of Fig. 14), one can clearly visualize that as long as
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Parameters Planck 2018 Planck 2018+BAO Planck 2018+DES Planck 2018+R19 Planck 2018+BAO+R19
Ωch
2 0.0821+0.0380+0.0444−0.0167−0.0553 0.1028
+0.0164+0.0196
−0.0089−0.0235 0.1081
+0.0047+0.0093
−0.0044−0.0091 0.1034
+0.0158+0.0200
−0.0079−0.0237 0.1138
+0.0025+0.0066
−0.0040−0.0055
Ωbh
2 0.02230+0.00015+0.00030−0.00015−0.00028 0.02233
+0.00014+0.00027
−0.00014−0.00027 0.02236
+0.00015+0.00029
−0.00015−0.00029 0.02230
+0.00015+0.00030
−0.00015−0.00028 0.02232
+0.00015+0.00028
−0.00015−0.00029
100θMC 1.04300
+0.00101+0.00397
−0.00250−0.00306 1.04166
+0.00064+0.00155
−0.00102−0.00135 1.04135
+0.00037+0.00076
−0.00037−0.00074 1.04159
+0.00057+0.00164
−0.00098−0.00140 1.04101
+0.00038+0.00069
−0.00036−0.00069
τ 0.054+0.0078+0.017−0.0082−0.015 0.055
+0.0071+0.016
−0.0082−0.015 0.055
+0.0074+0.016
−0.0075−0.015 0.054
+0.0077+0.016
−0.0077−0.015 0.054
+0.0075+0.014
−0.0076−0.015
ns 0.9720
+0.0042+0.0085
−0.0045−0.0083 0.9731
+0.0042+0.0080
−0.0041−0.0079 0.9728
+0.0049+0.0085
−0.0043−0.0089 0.9722
+0.0040+0.0080
−0.0042−0.0078 0.9724
+0.0040+0.0076
−0.0040−0.0081
ln(1010As) 3.055
+0.016+0.033
−0.018−0.030 3.056
+0.015+0.033
−0.016−0.031 3.056
+0.015+0.032
−0.016−0.031 3.054
+0.016+0.032
−0.017−0.031 3.054
+0.015+0.029
−0.016−0.029
wx −1.460+0.201+0.611−0.418−0.498 −1.038+0.058+0.122−0.057−0.118 −1.299+0.149+0.297−0.147−0.283 −1.211+0.054+0.107−0.054−0.106 −1.189+0.047+0.090−0.046−0.091
ξ 0.106+0.027+0.166−0.106−0.106 0.042
+0.013+0.055
−0.042−0.042 0.027
+0.012+0.025
−0.015−0.025 0.042
+0.0090+0.061
−0.042−0.042 0.074
+0.046+0.052
−0.022−0.066
Ωm0 0.162
+0.046+0.171
−0.100−0.131 0.264
+0.036+0.051
−0.028−0.056 0.223
+0.027+0.057
−0.032−0.052 0.230
+0.027+0.044
−0.021−0.048 0.265
+0.0096+0.021
−0.012−0.020
σ8 0.974
+0.128+0.151
−0.060−0.197 0.835
+0.019+0.043
−0.023−0.040 0.902
+0.040+0.083
−0.042−0.089 0.884
+0.019+0.036
−0.019−0.035 0.853
+0.016+0.030
−0.016−0.031
H0 84.33
+15.46+17.91
−7.39−21.95 69.06
+1.36+2.98
−1.61−2.82 77.11
+4.76+9.55
−4.79−10.13 74.15
+1.36+2.71
−1.37−2.71 71.81
+1.07+2.07
−1.08−2.11
TABLE III. Observational constraints at 68% and 95% CL on the second interaction scenario (IDE2) corresponding to the
interaction rate Q(t) = 3Hξρx
[
1 + sin
(
ρx
ρc
− 1
)]
. Here, Ωm0 is the value of Ωm = Ωc + Ωb calculated at z = 0 (i.e., present
epoch), and H0 is in the units of km/Mpc/sec.
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FIG. 12. 68% and 95% confidence-level contour plots between several combinations of the model parameters for the IDE2
scenario using diferent observational datasets.
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FIG. 13. Whisker plot with 68% CL constraints on H0 for the IDE2 scenario considering all the cosmological datasets employed
in this work. The grey vertical corresponds to H0 measurement from Planck 2018 release and the bluish vertical band stands
for H0 measurement (R19).
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FIG. 14. CMB TT (upper left), matter power spectra (upper right) for IDE2 corresponding to the interaction function (6) have
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FIG. 15. The evolution of the quantity Ωm/Ωr for the IDE2
scenario (corresponding to the interaction function in eqn.
(6)) has been shown for various values of the coupling pa-
rameter ξ. We note that here Ωm = Ωc + Ωb. The hori-
zontal line corresponds to the case Ωm = Ωr implying the
matter-radiation equality. As usual the fixed parameters for
the plot are, Ωc0 = 0.28, Ωx0 = 0.68, Ωr0 = 0.0001, and
Ωb0 = 1− Ωr0 − Ωc0 − Ωx0 = 0.0399.
the coupling parameter increases, the height of the first
acoustic peak in the CMB TT decreases compared to the
non-interacting case. In fact, the reduction in the CMB
TT spectra is prominent compared to what we observed
in the CMB TT spectra for IDE1 (we refer to the left plot
of Fig. 10). As already commented earlier, due to an in-
teraction in the dark sector, the matter-radiation equal-
ity occurs earlier compared to the non-interacting case,
see Fog. 15. And due to earlier matter-radiation equal-
ity, the sound horizon is decreased and hence the first
acoustic peak of CMB TT is also decreased. Compared
to IDE1, in this case, the effects on CMB TT spectra
are prominent. Similar to IDE1, here too we find that,
in the lower multipole region, as the coupling parame-
ter ξ increases, the amplitude of the CMB TT spectrum
decreases relative to the non-interacting case. Since the
presence of interaction effectively changes the usual evo-
lution of CDM (ρc ∝ a−3), as a consequence, this affects
the CMB TT spectra in the lower multipole region via
integrated Sachs-Wolfe (ISW) effect due to the gravita-
tional potential. Finally, from the matter power spectra,
shown in the right plot of 14, one finds that amplitude of
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FIG. 16. Temperature anisotropy in the CMB spectra for
different kind of interaction functions using three different
values of the coupling parameter, ξ = 0.01, 0.04, 0.07 with
reference to the base non-interacting ΛCDM model (ξ = 0,
wx = −1). In agreement with the earlier plots, we have fixed
the following parameters, Ωc0 = 0.28, Ωx0 = 0.68, Ωr0 =
0.0001, and Ωb0 = 1− Ωr0 − Ωc0 − Ωx0 = 0.0399.
the matter power spectra increases with the increase of
the coupling parameter ξ. This enhancement occurs due
to the earlier matter-radiation equality (see Fig. 15).
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FIG. 17. Relative deviations of the IDE models from the
base non-interacting ΛCDM scenario (ξ = 0, wx = −1) via
CMB spectra have been shown for three different values of
the coupling parameter, as follows: In the left panel we set
ξ = 0.01 for the interacting models; in the middle panel we set
ξ = 0.04 for all the interacting models while in the right panel
we set ξ = 0.07 for all the interacting models. As usual the
fixed parameters for all the plots are, Ωc0 = 0.28, Ωx0 = 0.68,
Ωr0 = 0.0001, and Ωb0 = 1− Ωr0 − Ωc0 − Ωx0 = 0.0399.
V. CAN WE DISTINGUISH THE PRESENT
MODELS WITH SOME KNOWN MODELS?
This section is devoted to understand the behaviour of
the present interaction models with some already known
and well used interacting dark energy models, when the
large scale structure is taken into account. Because from
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FIG. 18. Matter power spectra for the interaction functions
using three different values of the coupling parameter, ξ, with
reference to the base non-interacting ΛCDM model (ξ = 0,
wx = −1). In the left panel we set ξ = 0.01 for all the
interacting models; in the middle panel we set ξ = 0.04 for all
the interacting models while in the right panel we set ξ = 0.07
for all the interacting models. For all the plots the parameters
which have been kept fixed are, Ωc0 = 0.28, Ωx0 = 0.68,
Ωr0 = 0.0001, and Ωb0 = 1− Ωr0 − Ωc0 − Ωx0 = 0.0399.
the observational constraints, the interaction models are
not sharply distinguished from one another. Thus, in or-
der to investigate this issue, we consider three known in-
teraction models, namely Q = 3Hξ(1+wx)ρx (Reference
Model1), Q = 3Hξ(1+wx)
ρcρx
ρc+ρx
(Reference Model2) and
Q = 3Hξ(1 +wx)
ρ2x
(ρc+ρx)2
(Reference Model3) where the
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FIG. 19. Relative deviations of the interacting DE models
from the base non-interacting ΛCDM scenario (ξ = 0, wx =
−1) via matter power spectra have been shown for three dif-
ferent values of the coupling parameter, as follows: from left
to right the plots correspond to ξ = 0.01, 0.04 and 0.07. The
fixed parameters for all the plots are, Ωc0 = 0.28, Ωx0 = 0.68,
Ωr0 = 0.0001, and Ωb0 = 1− Ωr0 − Ωc0 − Ωx0 = 0.0399.
first model is linear whilst the last two models are non-
linear. And moreover, all three interaction models are
free from early time instabilities. For convenience, we
abbreviate the reference model as RM, thus, the three
references models can be identified as RM1, RM2 and
RM3 in the figures that we shall describe now.
We first begin our analysis with Fig. 16 where we
present the temperature anisotropy in the CMB spec-
tra for all five (three reference models plus two proposed
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models in this work) interaction functions using three dif-
ferent values of the coupling parameter, namely, ξ = 0.01,
0.04 and 0.07 in order to see how the changes in the CMB
spectra occur with the increase of the coupling parame-
ter. The left, middle and right panels of Fig. 16 respec-
tively indicates the scenarios for ξ = 0.01, 0.04 and 0.07.
Looking at the left plot of Fig. 16, one can realize that for
ξ = 0.01, the IDE models cannot be distinguished from
one another. The difference between the models starts
when one increases the coupling parameter. From three
middle and right plots of Fig. 16, one can notice that the
increase of the coupling parameter changes in the height
of the first acoustic peak in the CMB TT spectra changes
and this essentially clarifies the effects of the interaction
in the cosmic dynamics. In fact, as long as the coupling
parameter increases, the changes in the lower multipoles
(for l < 10) are becoming prominent which was absent
in the left plot of Fig. 16. The reason of the changes
in the CMB spectra are discussed in section IV. In Fig.
17 we show the corresponding residuals with respect to
the non-interacting ΛCDM scenario for a better viewing
of the the changes in the CMB TT spectra. From Fig.
17, we find that the present two IDE models are slightly
different from the three reference models and this differ-
ence is much pronounced when the coupling parameter
increases.
In a similar fashion, in Fig. 18 we show the matter
power spectra for all the interaction models (three refer-
ence models and two models of the present work) as well
as for the non-interacting ΛCDM model using exactly the
same values of the coupling parameter, namely, ξ = 0.01,
0.04 and 0.07, as used to draw the plots in Fig. 16 and
Fig. 17. The left, middle and right plots of Fig. 18 re-
spectively stands for ξ = 0.01, 0.04 and 0.07. From Fig.
18, one can see that for small values of the coupling pa-
rameter (for example ξ = 0.01), the five models cannot be
differentiated from one another, whilst for ξ = 0.04 and
ξ = 0.07 (see the middle plot and right plot of Fig. 18),
the models can be distinguished from one another, and
moreover, we find that for IDE2, is slightly different from
others but this does not deviate much from ΛCDM. From
Fig. 19, this actually becomes clear. From all the plots in
Fig. 19, one can clearly notice that, the present two IDE
models can indeed be distinguished from one another as
well as from the reference models. But, an interesting
feature that anyone may observe from all three plots of
Fig. 19 is that even if we allow ξ up to ξ = 0.07, IDE2
does not deviate much from ΛCDM, whilst other inter-
action models (IDE1 and RM1, RM2, RM3) are clearly
distinguished.
Thus, from all the plots considered for this section, it
is pretty clear that both IDE1 and IDE2 can really be
considered to be the viable contestants compared to the
chosen reference models in this work as well as with other
existing models in the literature.
VI. BAYESIAN EVIDENCE USING
SAVAGE-DICKEY DENSITY RATIO
We now come to almost end of this work where we wish
to perform the Bayesian analysis in order to quantify the
observational viabilities of the models relative to some
reference model which in this work we assume to be the
non-interacting cosmological model. Usually, there are
different ways to perform the Bayesian analysis of the
underlying cosmological models, however, here we use
the Savage-Dickey Density Ratio (SDDR) which is useful
to reduce the computational efforts compared to other
known approaches to calculate the Bayesian evidences.
Thus, assuming SDDR, the Bayes factor B0i (i = 1 for
IDE1 and i = 2 for IDE2) can be written as [80–82]
B0i =
p(ξ|d,Mi)
pi(ξ|Mi)
∣∣∣∣∣
ξ=0
(SDDR) (17)
where Mi (i = 1, 2) is the concerned interacting DE
model; p(ξ|d,Mi) is the posterior for ξ for the fixed
dataset d and pi(ξ|Mi) is the flat prior on ξ that we have
assumed ξ ∈ [0, 1] (see Table I). In order to quantify the
strength of evidence of the IDE models, we use the val-
ues of lnB0i for which one can use the Jeffreys’ scale as
follows: | lnB0,i| < 1.0 is inconclusive; | lnB0,i| = 1.0
means a positive evidence; | lnB0,i| = 2.5 gives a moder-
ate evidence and finally | lnB0,i| = 5.0 gives the strong
evidence. The values of lnB0i for the present IDE models
using the SDDR have been shown in Table IV. From the
values of | lnB0,i| (SDDR) obtained for all the datasets,
one can clearly find that ΛCDM is preferred over the
IDE models and the result remains true irrespective of
the observational datasets we use here.
VII. SUMMARY AND CONCLUSIONS
The cosmology with interaction between DM and DE
has gained a massive attention in the scientific commu-
nity because the allowance of an interaction in the dark
sector could explain several cosmic puzzles such as the
cosmological constant problem, coincidence problem as
well as some recent observational issues, such as the H0
tension, σ8 tension, and the crossing of the phantom bar-
rier without any scalar field theory. However, a drawback
of the interaction models which we should permit is that
the interaction rate is not known, and we do not have
any mechanism that could derive the exact rate of inter-
action between the dark fluids. That means there is a
pure liberty to choose any kind of interaction model and
at the same time there is no bindings to favor any specific
interaction model that have already been well known for
years. This has been the main motivation of this work
where we have shown that there is definitely no reason
to go in favor of some particular interaction model.
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Data | lnB0,1| (IDE1) | lnB0,1| (IDE2)
Planck 2018 1.90 1.66
Planck 2018+BAO 1.45 2.58
Planck 2018+DES 0.75 1.27
Planck 2018+R19 1.78 2.67
Planck 2018+BAO+R19 1.34 1.26
TABLE IV. We show the values of | lnB0,1| for IDE1 and IDE2 obtained for all the observational datasets with respect to the
reference model ΛCDM.
Thus, in this work, assuming a spatially flat FLRW
universe, we allow an interaction between DM and DE
where the DM fluid is pressureless and the DE component
has a constant barotropic equation of state. We then
propose two new interaction rates in equations (5) and
(6) that around r = 1 if expanded, assume nonlinear
structure.
We then constrained the interacting scenarios (i.e.
IDE1 and IDE2) corresponding to the interaction func-
tions 5 and (6 respectively using CMB from Planck 2018,
BAO, DES, and a local measurement of H0 from HST
(denoted by R19). In Table II (for IDE1) and Table
III (IDE2) we have summarized the results on the free
and derived parameters of both the interacting scenar-
ios. Our analyses clearly show that both IDE1 and IDE2
allow a nonzero interaction in the dark sector. Inter-
estingly, for IDE1 both Planck 2018+BAO and Planck
2018+BAO+R19 show an evidence of ξ 6= 0 at more
than 2σ while for IDE2, although ξ = 0 is consistent for
Planck 2018+BAO but an evidence of ξ 6= 0 is exhibited
for Planck 2018+BAO+R19. Additionally, we find that
both the IDE models can alleviate the H0 tension. In
particular, IDE1 perfectly solves the H0 tension within
68% CL. Within IDE1 scenario, Planck 2018 data alone
constrain H0 = 72.67
+5.43
−8.26 km/s/Mpc (at 68% CL) which
is very close to its local measurement H0 = 74.03± 1.42
km/s/Mpc (at 68% CL) [78]. This is an interesting prop-
erty of the interacting dynamics which has been also ex-
plored in some recent works [31, 36, 39, 41, 50, 83]. In
particular, in [52, 83], the authors showed that an in-
teraction in the dark sector is can simultaneously solve
both H0 and σ8 tensions. Moreover, our analyses also
report that the dark energy equation of state has a
tendency towards the phantom regime. This tendency
is strongly supported by Planck 2018+R19 and Planck
2018+BAO+R19 where wx < −1 at more than 2σ.
We discussed the direct effects of the coupling param-
eter on the large scale structure of our Universe through
the changes in the CMB TT and matter power spec-
tra (see Figs. 10 and 14). From the analyses we find
that with the increase of the coupling parameter, IDE1
presents mild deviation from the non-interacting ΛCDM
model compared to IDE2.
As the models are completely new, we wanted to com-
pare them with some known interaction models having
both linear and nonlinear structures. Such investiga-
tions enable us to understand the qualitative differences
between the IDE models already existing in the litera-
ture. Our analyses report that for small coupling pa-
rameter, the present models are extremely hard to dis-
tinguish from the known reference models (see Fig. 16
and Fig. 18) although a mild difference always exists
between them, see Fig. 17 and Fig. 19. But the dif-
ferences between the models are actually prominent for
higher values of the coupling parameter. But, overall,
except IDE2 which has some violent nature in the large
scales (only pronounced clearly from Fig. 19), IDE1 is
very close to the reference models. Therefore, based on
the present analyses, IDE1 might be considered to be a
competitor of the existing IDE models in the literature.
Finally, we performed the Bayesian evidence analysis
through the Savage-Dickey Density Ratio which is easy
and useful to reduce the computational efforts. In Table
IV we have summarized the results of Bayesian evidence
analysis considering ΛCDM as the reference model. Our
analyses predict that still ΛCDM is preferred over the
IDE models.
However, as a closing remark, we would like to com-
ment that the present two interacting functions are re-
ally interesting. In particular, IDE1 driven by the sign
changeable nonlinear interaction function should further
be investigated in light of future cosmological observa-
tions. The most simplest and elegant work could be its
extension by considering the dynamical DE equation of
state which extends the parameters space compared to
the parameters space of the present interacting scenar-
ios. Apart from that there are many other directions
within this context that can be considered. We believe
that the current scientific community might be interested
to survey some of them along with us.
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